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deep	 compressive	 residual	 stress	 that	 inhibits	 crack	 initiation	 and	 growth.	 This	 study	
investigates	the	laser	peening	of	aluminium	alloy	in	a	product	form	–	an	extruded	T-section	
–	 that	has	different	crystallographic	 textures	 in	different	 locations.	The	alloy	studied	 is	Al	
2099,	an	aluminium-lithium	alloy	that	shows	anisotropy	in	the	mechanical	properties	when	
texture	is	present.	Specimens	extracted	from	different	regions	of	the	extrusion	were	laser	
shock	peened	with	a	power	density	of	3	GW/cm2	 in	 single	 shocks	as	well	 as	 in	a	pattern	
arrangement.	 The	 effect	 of	 number	 of	 laser	 shocks	 on	 the	 residual	 stresses	 were	
characterized	 primarily	 using	 incremental	 hole	 drilling.	 	 The	 results	 show	 20%	 higher	






Al	 2099	 alloy	 is	 a	 third-generation	 aluminium-copper-lithium	 alloy	 used	 for	 aerospace	
structural	applications,	particularly	 in	airplane	 internal	structure	and	lower	wing	stringers.	
The	 lithium	 content	 in	 an	 Al-Li	 alloy	 increases	 the	 specific	 properties	 over	 traditional	
aluminium	 alloys.	 For	 example,	 compared	 to	 the	 commercially-used	 non-lithium	 Al	 2024	
alloy,	 Al	 2099	 shows	 a	 5%	 reduction	 in	 density	with	 20%	 increase	 in	 longitudinal	 tensile	
yield	strength	(Giummarra,	Thomas	&	Rioja	2007).	In	common	with	many	aluminium	alloys,	
Al	 2099	 shows	 significant	 in-plane	 and	 through-thickness	 anisotropy,	 particularly	 in	 the	
rolled	products,	 and	axisymmetric	 flow	anisotropy	 in	 the	extruded	products	 (Rioja	1998).	
Generally,	this	anisotropy	results	from	the	strong	crystallographic	texture	that	forms	during	
multistage	thermomechanical	processing.	Al	2099	extruded	products	usually	exhibit	<111>	





extruded	 integrally-stiffened	 panel.	 They	 found	 a	 variation	 in	 mechanical	 properties	
between	different	locations	of	the	panel.	In	all	locations,	the	highest	strength	was	found	in	
the	 extrusion	 direction	 and	 the	 lowest	 strength	 was	 observed	 at	 45°	 to	 the	 extrusion	
direction.	Reductions	in	the	yield	strength	of	17%	and	25%	were	reported	for	the	transverse	
and	 45°	 directions,	 respectively.	 This	 anisotropic	 behaviour	 drives	 the	 design	 minimum	
strength	 to	 the	45°	direction,	 thereby	neglecting	 the	strength	benefits	 in	other	directions	
and	taking	benefit	only	for	weight	savings.	







Peening	 on	 an	 alloy	 having	 a	 significant	 anisotropy	 in	mechanical	 properties,	 not	 only	 in	
different	locations	but	also	in	different	orientations,	requires	a	thorough	understanding	of	
the	 influence	 of	 texture	 on	 the	 residual	 stress	 response	 due	 to	 peening.	 Although	 a	
substantial	amount	of	research	data	is	available	on	the	effects	of	texture	on	the	mechanical	
properties	 of	Al	 2099,	 very	 little	 attention	has	been	 focused	on	 (1)	 the	 effects	 of	 LSP	on	
residual	stress	generation	 in	 this	alloy	system,	and	 (2)	 the	effect	of	 initial	 texture	on	LSP-




aged)	 to	study	 the	effects	of	 texture	on	residual	 stress	generation	owing	 to	LSP.	Material	
was	 received	 from	Alcoa	 Inc.	 in	 the	 form	of	 an	 extruded	T-bar	with	 gross	 cross-sectional	
dimensions	of	139	×	60	mm2	and	a	length	of	1000	mm.	Figure	1	shows	the	T-bar	geometry	
and	the	location	of	the	regions	that	we	refer	to	here	as	the	web	and	flange.	Test	coupons	






and	 flange	 sections	 of	 the	 extruded	 T-bar	 to	 study	 the	 texture	 variation	 at	 these	
locations.		
• Eight	 longitudinal	 tensile	 specimens	 with	 geometry	 as	 shown	 in	 Figure	 2	 were	
extracted,	 four	 from	 the	web	 and	 four	 from	 the	 flange,	with	 the	 longitudinal	 axis	
aligned	with	the	Z-direction	of	the	extrusion.	
• 18	 samples	 for	 residual	 stress	 characterization	 following	 single	 peening	 on	 XY,	 YZ	
and	ZX	planes	in	three	peening	conditions,	were	extracted,	nine	from	the	web	and	
nine	from	the	flange.	The	specimen	geometries	are	described	in	Table	1.	





















































2a	 XY	 3-18-1	3a	 ZX	 3-18-1	1b	 YZ	 3-18-3	2b	 XY	 3-18-3	3b	 ZX	 3-18-3	1c	 YZ	 3-18-5	2c	 XY	 3-18-5	3c	 ZX	 3-18-5		 	4a	
Web	
YZ	 3-18-1	 60	×	25	×	15	5a	 XY	 3-18-1	6a	 ZX	 3-18-1	4b	 YZ	 3-18-3	5b	 XY	 3-18-3	6b	 ZX	 3-18-3	4c	 YZ	 3-18-5	
		
5c	 XY	 3-18-5	6c	 ZX	 3-18-5		





Incremental	 hole	 drilling	 is	 a	 relatively	 fast,	 straightforward,	 and	 inexpensive	method	 for	
residual	 stress	measurement	 in	 the	 laboratory.	 In	 this	 technique	a	 small	hole	 is	drilled	or	
milled	into	the	specimen,	which	causes	elastic	strain	relaxation	as	material	is	removed.	The	
elastic	strain	relaxation	causes	a	change	in	displacement	in	the	surrounding	material	that	is	























































coating	and	the	transparent	overlay,	defined	by:	2𝑍 = 1𝑍𝑐𝑜𝑎𝑡𝑖𝑛𝑔 + 1𝑍𝑜𝑣𝑒𝑟𝑙𝑎𝑦																																																																									(3)	
Here	𝑍𝑐𝑜𝑎𝑡𝑖𝑛𝑔	and	𝑍𝑜𝑣𝑒𝑟𝑙𝑎𝑦	are	the	acoustic	impedances	of	the	ablative	coating	and	the	
transparent	overlay,	respectively.	With	water	as	the	overlay	(𝑍 ≈ 0.15 × 10!g cm!!)	and	











Figure	 5:	 	 (a)	 Specimen	 Geometry	 of	 the	 extruded	 bar	 showing	 the	 axis	 system	 used;	 (b)	 corresponding	












Al-2099 Web 70 575 122 617 8.6
Al-2099 Flange 70 414 169 536 8.6
Al-2624 T39 70 460 152 487 15
		
	















3.3 Surface	Profile	of	the	Single	Peened	Specimens	Figure	8a	and	b	 show	 the	 surface	profiles	of	 single-spot	peened	web	 (specimen	5b)	 and	
flange	 (specimen	 2b)	 specimens,	 respectively	 (with	 conditions	 3	GW	 cm–2	 for	 18	 ns,	 and	
three	 sequential	 shocks,	 3-18-3,	 onto	 the	 XY	 plane).	 An	 uneven	 depression	 from	 the	
peening	 is	 evident	 in	 both	 specimens.	 This	 may	 be	 a	 result	 of	 a	 non-uniform	 energy	





A	 horizontal	 line	 profile	 through	 the	 centre	 of	 the	 peen	 spot	 was	 extracted	 from	 the	
contour	data	and	compared	with	similar	 line	plots	 from	peening	on	the	YZ	and	ZX	planes	
(Figures	8c	and	d).	A	maximum	depth	of	about	30-40	µm	is	observed	for	the	web	specimen,	
with	 a	 pile	 up	 at	 the	 peen	 boundary	 of	 about	 15-25	 µm,	 as	 shown	 in	Figure	 8c.	 Similar	






























flange	 specimens	 are	 in	 the	 range	 of	 –100	 to	 –150	MPa	 (Figure	 10b).	 A	 similar	 level	 of	
surface	 stress	 is	 reported	 in	 (Hfaiedh	 et	 al.	 2015)	 for	 single	 location	 peening	 of	 a	 similar	
aluminium-lithium	alloy,	Al	2050-T8,	with	an	energy	of	3.5	GW/cm2	for	10	ns	using	a	1.5	mm	








(d)	 the	 flange	 after	 laser	 peening	 with	 one,	 three	 and	 five	 successive	 shock	 exposures	
respectively	 at	 a	peening	energy	of	3	GW/cm2.	 The	difference	 in	 residual	 stress	between	
peening	on	the	XY,	YZ	and	ZX	planes	of	the	specimens	are	also	shown.		
Figure	10c	and	10d	 show	similar	 residual	 stress	measurements	 for	 specimens	exposed	 to	
three	 layers	 of	 peening	 (the	 3-18-3	 condition).	 No	 noticeable	 difference	 seems	 to	 be	
evident	in	the	residual	stress	profiles	between	the	orientations	within	the	bounds	of	scatter	








this	 plane.	 In	 the	 flange	 section	 little	 differences	 in	 the	 residual	 stress	 were	 observed	
between	XY,	YZ	and	ZX	plane	due	to	lower	texture.		
Residual	stress	distributions	after	five	successive	laser	shocks	are	shown	in	Figures	10e	and	
10f	 for	 the	web	 and	 flange	 specimens,	 respectively.	 The	maximum	 compressive	 residual	
stress	in	the	web	is	about	–350	MPa,	with	slightly	less	compression	observed	in	the	flange	
(about	 –300	 MPa).	 Following	 5	 hits	 the	 residual	 stresses	 remained	 largely	 unchanged	
showing	strain	hardening	saturation.	some	effects	of	orientation	are	observed	 in	the	web	
















	 	 σx	 σY	 σx	 σY	
1C	YZ Web	 –223 –212 –195 –222 
2C	XY –272 –249 –236 –229 
3C	ZX –198 –248 –218 –268 
4C	YZ Flange	 –275 –208 –264 –214 
5C	XY –151 –236 –163 –232 
6C	ZX –232 –206 –267 –250 
	Figure	 11	 presents	 the	 FEA	 simulated	 residual	 stress	 results	 for	 the	 3-18-3	 peening	
condition.	 To	 model	 the	 residual	 stresses	 in	 the	 web	 and	 flange,	 the	 corresponding	
experimentally-determined	 yield	 strengths	 of	 575	 and	 414	 MPa	 were	 used.	 	 Comparing		Figures	11a	 and	 11b,	 it	 is	 evident	 that	 a	 relatively	 uniform	 layer	 of	 surface	 compressive	
residual	stress	(–375	MPa)	is	generated	in	the	web	as	compared	to	the	flange.	A	balancing	
tensile	 stress	 of	 100	 MPa	 appeared	 for	 both	 specimens.	 The	 extent	 of	 the	 residually-
stressed	 region	 in	 the	web	 is	 slightly	 smaller	 than	 in	 the	 flange	 in	both	width	and	depth.	
This	observation	 is	 further	clear	 in	Figure	11c,	which	shows	 that	although	 in	 the	web	 the	
predicted	value	of	maximum	compressive	 residual	 stress	 is	only	30	MPa	higher	 than	was	
predicted	 in	 the	 flange,	 the	 depth	 at	 which	 the	maximum	 compressive	 residual	 stresses	
appear	are	significantly	different:	0.2	mm	for	 the	web	and	1	mm	for	 the	 flange.	A	similar	
difference	 can	 also	 be	 seen	 in	 the	 location	 of	 balancing	 tensile	 stresses.	 This	 is	 simply	
because	 the	 higher	 yield	 strength	 of	 the	 web	 material	 causes	 a	 resistance	 to	 plastic	
		
deformation	during	 the	 shock	wave	propagation.	 The	depths	of	 the	 compressive	 residual	
stresses	for	the	web	and	flange	are	2.5	and	3.2	mm,	respectively.	Note	that	only	a	simple	
isotropic	hardening	model	was	used	for	prediction.		





Figure	 13	 shows	 the	 effect	 of	 the	 number	 of	 peen	 layers	 (the	 number	 of	 shocks	 at	 each	
location)	 on	 the	 residual	 stress	 distribution	 for	 peening	 onto	 the	 XY	 orientation	 for	 (a)	 a	
web	 specimen	 and	 (b)	 a	 flange	 specimen.	 For	 the	 flange	 specimen,	 the	 surface	 residual	
stress	 was	measured	 to	 be	 about	 –100	 to	 –125	MPa,	 regardless	 of	 the	 direction	 of	 the	
stress	 component	 or	 the	 number	 of	 layers.	 However,	 considering	 the	 subsurface	
distribution	 of	 residual	 stress,	 the	 magnitude	 of	 the	 maximum	 compression	 increases	
significantly	as	 the	number	of	peen	 layers	 increases.	The	maximum	value	of	 compression	
after	3	laser	shots	reached	about	–275	MPa	at	a	depth	of	300	μm.	
The	 effects	 were	 more	 pronounced	 in	 the	 web	 specimens,	 with	 significantly	 higher	
compression	after	three	shocks	than	after	one.		The	surface	residual	stresses	after	one	and	
three	 layers	 of	 peening	 were	 about	 –140	 and	 –255	 MPa,	 respectively;	 the	 maximum	
compressive	residual	stress	after	one	and	three	 layers	of	peening	were	about	–250	and	–
375	MPa,	respectively.	The	values	of	the	compressive	residual	stresses	are	greatly	increased	
with	 increasing	 number	 of	 peen	 layers;	 however,	 as	 is	 shown,	 the	 overall	 shape	 of	 the	
residual	stresses	profiles	are	similar.		Figure	14	 shows	 a	 linear	 increase	 in	 the	depth	of	 the	 surface	depression	 (peak-to-valley	
distance)	 after	 peening	 as	 the	 number	 of	 layers	 is	 increased.	No	 difference	 between	 the	
peening	of	the	flange	and	web	regions	can	be	detected.	It	 is	 interesting	to	note	here	that	
		
even	 though	 there	 is	 a	 strength	 variation	 between	 web	 and	 flange,	 no	 variation	 in	 the	























flange	 section,	but	 the	σx	 component	 is	 lower	 in	 the	 flange	 section	at	around	–200	MPa.	
Balancing	tensile	residual	stresses	were	found	at	the	edges	of	both	web	and	flange.		
Because	 the	 laboratory	 X-ray	 measurements	 only	 provide	 near-surface	 residual	 stress,	
incremental	 hole	 drilling	 was	 used	 to	 characterise	 the	 sub-surface	 residual	 stress.	 A	
comparison	of	residual	stress	from	peening	on	the	XY	and	ZX	planes	is	presented	in	Figure	
16.	 For	 the	web	 specimens	 (Figure	 16a)	 a	maximum	 compression	 of	 about	 –300	MPa	 is	
generated	at	a	depth	of	290	μm.	For	the	XY	orientation	the	σx	stress	component	has	slightly	
lower	stress	than	the	σy	component.	 	 In	the	flange	specimens,	 the	stresses	resulting	from	





values	 in	all	directions	at	288	µm	depth)	are	generated	 than	 the	 flange,	which	correlates	
well	with	the	fact	that	the	web	has	38%	initial	higher	yield	strength.	It	is	interesting	to	note	
that	 the	 difference	disappears	 for	 3	 or	 5	 shock	 exposures	 at	 the	 same	depth.	 	 The	most	
likely	 reason	 for	 this	 is	 that	multiple	shocks	have	caused	strain	hardening	saturation.	The	
results	 from	 the	 pattern-peened	 specimens	 reconfirm	 this	 fact,	 as	 minimal	 difference	 is	






		Figure	 15:	 Surface	 residual	 stresses	 for	 pattern	 peened	 specimens	 (a)	 σx	 component	
following	peening	on	the	on	the	XY	plane,	 (b)	σy	component	 following	peening	on	the	XY	
plane;	 line	 profile	 of	 stress	 with	 position	 along	 the	 X-axis	 in	 the	 (c)	 web	 and	 (d)	 flange	




Figure	 16:	 Depth-resolved	 residual	 stress	 profile	 measured	 by	 incremental	 hole	 drilling	







1. The	 extruded	 Al	 2099	 T‒section	 shows	 a	 variation	 in	 strength	 between	 different	
locations,	 with	 the	 web	 having	 38%	 higher	 yield	 strength	 than	 the	 flange.	 This	
correlates	with	the	different	crystallographic	textures	seen	across	the	section,	with	a	
<111>	+	<100>	fibre	texture	in	the	web	sections.		
2. After	 laser	 peening	 with	 single	 shots	 onto	 the	 same	 location,	 the	 residual	 stress	
induced	 in	 the	web	 is	about	25%	more	compressive	 than	 in	 the	 flange	specimens.	
However,	 the	 difference	 in	 induced	 residual	 stresses	 is	 greatly	 minimized	 after	
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